In leech visual cells the presumed light-absorbing structures are microvilli arising from the membrane of what would seem to be a large intracellular vacuole . This vacuole, however, is an extracellular compartment, since it communicates with the intercellular spaces through narrow channels. Therefore, the membrane of the microvilli is-as in other invertebrate visual cells-a part of the cell membrane . Visual responses recorded with an electrode within the vacuole were compared with the intracellular recordings . Following illumination the vacuole becomes negative with respect to the outside fluid, while the cells are depolarized . This finding indicates that inward current penetrates the cell through the microvillar membrane . It is concluded, therefore, that the electrical response (receptor potential) originates as a result of changes in the properties of the light-absorbing membrane .
INTRODUCTION
Microelectrode recordings from invertebrate visual cells show that illumination produces a change of membrane potential (10) accompanied by a drop in membrane resistance (6, 23) . It has been suggested that the resistance drop is the cause of the potential change (6) , but this view has recently been challenged (26) . Whatever its mechanism of origin may be, the electrical response of visual cells must be associated with a current through the plasma membrane, and data on the spacial distribution of this current should help to identify the membrane site undergoing the electrogenic changes . It has already been shown that if only part of a visual cell is illuminated, the current flows inward at the illuminated area and outward at the other areas of the cell surface (7, 8) . Nevertheless, the specific identity of the membrane traversed by inward current has not yet been established .
It is well known that most invertebrate visual cells are characterized by the presence of microvilli at some point of their surface (16) . Recent microspectrophotometric studies (12) have established that the microvilli contain visual pigments which, according to other investigations (9, 25) , are part of the plasma membrane itself. In these cells, therefore, the receptor potential could conceivably originate at either, or both, the pigmentcontaining or pigment-devoid areas of the cell surface . In the latter instance, a special mechanism would be needed to relay the excitation from one part of the visual cell to another .
The existence of such a communication mechanism seemed a necessity in visual cells of the leech (28) , since the membrane forming the microvilli was believed to be completely disconnected from the plasma membrane, giving rise to an intracellular vacuole (22) . The electron microscope observations described in the present article show, however, that the microvillar membrane is continuous with the plasma membrane, and that the vacuole is in fact an extracellular compartment . These structural findings suggested that it might be useful to compare visual responses recorded with a microelectrode in the cytoplasm to those obtained with the microelectrode in the vacuole . It was thought that this type of observation could indicate how different parts of the visual cell membrane contribute to the generation of the receptor potential .
METHODS

Electron Microscopy
Eyes of the leech, Hirudo medicinalis, were fixed overnight in cold 2rjo glutaraldehyde (24) in 0 .1 M phosphate buffer (pH 7 .4), and postfixed for 1 hr in 1 % Os04 in the same phosphate buffer. Alternatively, the eyes were fixed directly in Os04 .
The blocks of tissue were stained for 1 hr in 0 .5% uranyl acetate in water, dehydrated in ethanol, and embedded in Epon (15) . The sections were stained with uranyl acetate (29) and lead citrate (20) .
Electrical Recordings
Conventional microelectrode techniques were used . A description of the recording arrangement, bridge circuit, and light stimulus can be found elsewhere (6) .
The anterior segments of the leeches were stretched with pins on a paraffin plate, and the skin over the eyes was cut to expose the visual cells . The Ringer solution covering the preparation had the following composition : NaCI 130 mm ; KCl 4 mm ; NaHCO3 2 mm ; CaC12 2 mm . The Na+ and K+ concentrations are the values found in leech plasma (17) . In the final stages of this work, it was observed that diluting the Ringer's with water (three parts of Ringer's to one part of water) greatly facilitated the intracellular recordings, without causing any noticeable change in the responses . This effect was presumably due to cell swelling, but no histological checks were performed .
To identify the recording sites, a marking technique described by Potter et al . (19) was used . The microelectrodes were filled with a 4%J c solution of Niagara Sky Blue 6B, which was discharged electrophoretically . The tissue was then fixed overnight in cold 6% glutaraldehyde in acetate buffer (pH 4 .0), dehydrated in acetone, embedded in Epon, sectioned at 7 p, and examined without counterstaining . 
OBSERVATIONS
Morphology
The general morphological features of leech visual cells have already been described (2, 22) . The following observations concentrate on a structural aspect as yet unnoticed : the continuity between the vacuolar membrane and the peripheral plasmalemma.
LIGHT MICROSCOPY : Hirudo has five pairs of eyes located in the first anterior segments . Each eye is a cylindrical pigment cup lying under a transparent patch of epidermis . Within the pigment cup there are many ovoidal visual cellsabout 40 µ long and 20 µ wide-each containing a large cavity ( Fig. 1 ) classically described as a FIGURE 2 Electron micrograph of the thin cytoplasmic cortex which separates the vacuole (V) from the peripheral surface, in a visual cell of Hirudo . Mitochondria (Mt), multivesicular bodies (MB), and endoplasmic reticulum membranes (ER) are closely packed . The vacuolar surface gives origin to microvilli (Mi), which are embedded in a homogeneous material filling the vacuole . The peripheral surface of the visual cell is coated by a basement membrane (BM) and collagen fibers (F) . Fixed in glutaraldehydeOs04 . X 37,000.
vacuole . This term will be retained here, although it will be shown later that the cavity communicates with the intercellular space . The vacuole is circumscribed by a brush border in the shape of a double-walled cup : the space between the two walls is the vacuole itself, the outer wall is surrounded by a thin cytoplasmic cortex, and the inner wall encloses a cytoplasmic core (Fig. 1) . Because of this shape, the vacuole may appear as an oval, a horseshoe, or a ring, depending on the plane of section (Figs . 1, 11, and 12) . The axon originates at one end of the long axis of the cells ;
A. LASANSKY AND M . G. F . FuoRTES Electrical Responses in Visual Cells of Leech FIGURE 3 The peripheral cytoplasm of a visual cell is traversed by a channel (Ch) which extends from the vacuole (V) to the peripheral surface, and surrounds a cell process (P) and its branches (Pi , P2) . These branches, and the microvilli (Mi), contain a fibrillar matrix . The process is connected to the cell body near the peripheral surface (arrow) . BM, basement membrane . Fixed in glutaraldehyde-OsO4 .
X 37,000 . the nucleus is located near the axon hillock. All the axons join in a nerve bundle leaving the eye at the bottom of the pigment cup .
ELECTRON MICROSCOPY : Fig . 2 shows a segment of the peripheral cytoplasm of a visual cell . Mitochondria, multivesicular bodies, and endoplasmic reticulum membranes are closely packed . This cytoplasmic cortex, which separates the vacuole from the peripheral surface of the cell, has an average thickness of about 2 µ . The 244 THE JOURNAL OF CELL BIOLOGY • VOLUME 42, 1969 microvilli that form the brush border on the vacuolar surface are about 2 µ long and 0 .1 p in diameter ; they contain a fibrillar matrix and are separated from one another by distances of 0 .1-0 .2 µ . The peripheral surface of the cell is coated by a basement membrane and a feltwork of collagen fibers. No glial sheath is found around the soma of the visual cells . Fig. 2 is representative of most of the visual cell perimeter . Occasionally, however, the cyto-plasm is traversed by channels, 160-180 A wide, which appear to connect the vacuole with the intercellular spaces (Fig . 3) . In fortunate sections the entire length of the channels can be traced, and the continuity of the vacuolar membrane with the peripheral plasmalemma can be established (Fig. 4) . It may be concluded, therefore, that the vacuole is an extracellular compartment .
In cross sections, the channels are seen to surround cell processes (Fig . 7) which are connected to the cell body by means of a narrow pedicle, near the peripheral surface (Fig . 3) . The number of these processes per cell is not known ; up to three processes have been observed in a single section of a cell . At their inner end, the processes give rise to several branches which protrude into the vacuole ; they contain a fibrillar matrix similar to that seen in the microvilli (Figs . 3 and 4) .
The channels have a rather uniform width (Figs . 3 and 4) , a feature which is usually associated with the existence of a junctional organization . The occasional observation of electronopaque bars spanning the gaps (Figs . 5-7 ) suggests that this area of the cell surface is a septate junction of the type found in a variety of invertebrate epithelia (1, 3, 14, 18, 30, 31) . In leech photoreceptors these junctions link two parts of the same cell ; because of this, their function and properties may differ from those of epithelial septate junctions .
At the vacuolar end of the channels, it is often observed that the cytoplasm underlying the apposed membranes is very opaque (Fig . 7) . face of the cells, while two different types of recordings can be obtained following penetration .
On occasions, penetration yields the expected membrane potential and light produces a depolarizing response which, with bright flashes, reaches saturation at about zero potential (Fig . 8) . These recordings are typical intracellular responses, similar to those described by Walther (28) in the leech and by other workers in a variety of visual cells . The largest amplitudes recorded in the present experiments were -65 my for the resting potential and +58 my for the receptor potential (measured from resting potential) . The intracellular recordings are often very unstable, and small displacements of the microelectrode result in abrupt loss of the resting potential . When this happens the response to light is usually lost, but on occasions it is reversed, assuming the properties described below .
The second type of recording obtained from leech visual cells is a large negative-going potential change, as illustrated in Fig . 9 . These responses may be recorded as the first result of penetration of the cell or, in other instances, following such recordings as those of Fig . 8 . The responses are never associated with a resting potential, and may reach a peak amplitude of -25 mv ; they disappear abruptly if the electrode is moved a small distance, indicating that the recording site is sharply confined .
Spikes were frequently associated with both the negative-and positive-going recordings . The amplitude of the spikes was usually less than 15 mv, and their frequency was always low, as 2 4 8 THE JOURNAL OF CELL BIOLOGY . VOLUME 42, 1969 FIGUIIE 9 Extracellular (negative-going) responses to flashes . Experiment as in Fig . 8 , but with the electrode inserted in the vacuole, as shown by histological controls . A positive-going spike appears with decreasing latency as light intensity increases . Temp 25°C .
shown in Fig . 10 . The polarity of the spikes was the same in both types of recording (Fig. 10) , suggesting that they originate at some distance from the recording microelectrode, presumably at the axon (see reference 27) .
IDENTIFICATION OF THE RECORDING SITES :
The dye Niagara Sky Blue 6B was discharged from the microelectrode in order to determine the locations from which the two types of recordings were obtained . The positive-going response has all the characteristics of an intracellular recording and, therefore, there is little doubt that it was obtained when the microelectrode was in the cytoplasm . Still, it was considered important to mark both recording sites in order to check the validity of the method .
In preliminary experiments, the dye was ejected by connecting the electrode to a 135 v battery through a 40 MSl resistance for 0 .5-1 sec . (see reference 11) . This procedure destroyed the tip of the electrode, and invariably abolished the response to light . It was, therefore, impossible to check that the dye was in fact discharged at the same site where the response had been recorded . More conclusive results were obtained with currents of 5 X 10 -8 amp for 10 sec . These currents did not damage the electrode tip ; they abolished the intracellular but not the negativegoing response, so that the latter could be recorded after the injection had been completed .
Satisfactory marks were obtained in ten experiments giving negative-going responses, and in all instances the dye was found only within the vacuole (Fig . 11) . Conversely, when intracellular recordings were performed the stain was found to SEC be confined to the cytoplasm (five experiments), as shown in Fig . 12 .
No stain of cells or of other structures was detected when the dye was discharged through the microelectrode before penetrating a cell, or when the eye was soaked for 15 min in a 1 % o solution of the dye in Ringer fluid . ' From these results it can be concluded that the negative response as seen in Fig . 9 was recorded from the vacuole, and the positive response as seen in Fig. 8 was recorded from the cytoplasm .
' The lack of staining of the vacuole after soaking the preparation in the dye solution was not due to the existence of a diffusion barrier around the cells . When the same preparation was soaked for 30 min in Ringer's solution containing horseradish peroxidase, and the histochemical reaction was performed, the presence of the enzyme could be detected at the peripheral end of the channels connecting the vacuole to the intercellular spaces, but not at the inner end of the channels or within the vacuole itself . It might be, then, that the junctional material within the channels has a sieving action on the dye and enzyme (or histochemical substrate) molecules . Alternatively, the soaking time may have been insufficient to attain an effective concentration of the tracers within the vacuole, due to the bottleneck represented by the channels . For control purposes, however, the soaking time in the dye solution was adequate, since it was much longer than the usual interval between microinjection of the dye and fixation of the preparation . RESISTANCE MEASUREMENTS : The resistance between the recording points and the outside fluid was investigated with a bridge circuit (6) to apply constant currents through the microelectrode . The bridge was balanced to cancel the potential drop produced by the current through the microelectrode, leaving the potential changes produced across the cell membrane . With the small currents used for these measurements, no serious artifact occurred due to changes of electrode properties, and it was usually easy to distinguish the rapid potential drops evoked by the current through the electrode from the slowly developing changes due to the charging of the membrane capacity .
The resistance measured in this way from the cytoplasm to the outside was about 20 X 106 2 and from the vacuole to the outside about 8 X 10 6 S2 . Clearly, if the vacuole were an intracellular organelle, its input resistance would be greater than that of the cytoplasm, since the vacuolar and peripheral membranes would be in series . The smaller input resistance of the vacuole shows, instead, that there is a parallel current pathway connecting the vacuole with the outside fluid . It can be easily shown that the resistance of this pathway must be between 8 X 10 6 2 and 13 X 10 1 2 .
Following illumination with a bright light, lower resistances were measured both from the FIGu .,11 Site of recording of the negative-guing raspouse to light . The dye Niagara Sky Blue 613 is seen only within the vacuole . X 1000 .
Flcum, N Site of recording of the intracellular (positive-going) response to light . Only the cytoplasm surrounding the vacuole is stained . X 1000 .
cytoplasm to the outside and from the vacuole to the outside . In either case, the value obtained was 2 X 10' Q .
DISCUSSION
Following illumination, the cytoplasm of leech visual cells decreases its negativity, while the vacuole becomes negative with respect to the outside fluid . This indicates that the membrane of the microvilli lining the vacuole is traversed by inward current . If the inward current is regarded as a sign of membrane excitation, it can be coneluded that the microvillar membrane is the site of origin of the receptor potential. Since the microvilli probably contain visual pigment-as shown in other invertebrate visual cells (12)-it follows that the receptor potential originates at the site where light is absorbed .
The inward current flows into the vacuole through the channels described above, since they are the only communication between the vacuole and the intercellular spaces . For the same reason, these channels represent the low-resistance pathway between the vacuole and the outside fluid revealed by the electrical measurements . The junctional structures bridging the channels may restrict the flow of current . Yet, the resistance of the channels is not much greater than would be expected if they were completely open . Thus, the observed resistance (8-13 X 106 52) is only about threefold higher than it would be if the channels were filled with Ringer's solution-as calculated from their surface and average length . ' The present observations on the site of origin of the receptor potential are probably valid for other visual cells ; similar interpretations have already been proposed for squid visual cells (7) . Some uncertainty exists because in many cases the light-absorbing membranes have not been examined in sufficient detail to establish whether they arc exposed to the extracellular space . It has been observed, however, that even in the tightlypacked rhabdom of Lbnulur, extracellular spaces '-The approximate surface of the channels of a cell (4-8 X 10 -y cm2 ) can be calculated by counting the frequency of their occurrence throughout the perimeter of the cells . Their length is equal to the thickness of the peripheral cytoplasm (-2 µ) .
are present in the form of narrow interstices at regions bound by any three microvilli (13) . These interstices are probably the extracellular pathways for the receptor current, and it may be provisionally assumed that an analogous arrangement occurs in other eyes . A puzzling exception is represented by vertebrate rods, since the outer BIBLIOGRAPHY
